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H I G H L I G H T S

• MeV ion beam analysis tomography of 5.4 Ah Si-anode battery cell for all elements.
• 32% capacity loss after 340 cycles due to anode-side SEI formation.
• Half-cell potential shifts of ~150 mV due to changes in lithiation limits.
• 480 mAh/gSi pre-lithiation optimal for compensating the Li-immobilization.
• LiF and phosphates dominate SEI with a minor fraction of Li-silicates in Si anodes.
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A B S T R A C T

Si-based anodes for Li-ion batteries improve battery performance, but introduce new fatigue mechanisms, 
reducing their cycle-life, compared to graphite anodes. Four 110 × 80 mm2 electrodes of a 5.4 Ah NCA + Si/G 
cell after 340 cycles are analysed by ion-beam analysis in 345,000 points, providing a unique insight into the 
degradation of the Si-anode.

Our results show an inhomogeneous state-of-charge (SoC) across the electrodes and Li immobilization at the 
Si-anode. After the initial formation cycling, the anode contains 10.2 atom% Li (SoC = 0), after 340 cycles this 
amount increases to 17.5 at.%. The F and P concentrations show most Li is immobilized as LiF. Li-silicates are 
only a minor fraction of the solid-electrolyte interphase, ruling them out as main driver of the accelerated 
degradation. The immobilized anode Li results in a cathode Li concentration drop from initially 21 at.% 
(SoC = 0) to 16 at.% Li after 340 cycles. This Li-loss correlates well with the aging related electrode-potential 
shift of 130 mV known from literature. A ±6% cathode layer thicknesses inhomogeneity is revealed through 
the areal density of Ni. The Li loss requires 480 mAh/gSi pre-lithiation for compensating the observed Li- 
immobilization, which would increase cycle-life and the initial discharge capacity.

1. Introduction

In the rapidly evolving landscape of energy storage technologies, 
lithium-ion (Li-ion) batteries have emerged as pivotal components in a 
myriad of applications, ranging from portable electronics to electric 
vehicles and grid storage solutions. However, the efficiency, perfor
mance, longevity, and safety of these batteries are critical parameters for 

their application. State of Health (SoH) and State of Charge (SoC) denote 
the battery's condition and charge level, respectively. Understanding the 
underlying mechanisms resulting in certain SoH and SoC not only fa
cilitates the optimization of battery performance and lifecycle but also 
enhances the reliability and safety of energy storage systems.

The SoH of a battery is indicative of its overall condition and capa
bility to store and deliver energy. Complex electrochemical processes 
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and degradation phenomena within the cell occur in the anode, cathode, 
and electrolyte at different rates, depending on the used materials and 
operation conditions. The underlying processes – including electrolyte 
decomposition, loss of active material (LAM), loss of lithium inventory 
(LLI), build-up of solid-electrolyte-interphases (SEI), and structural 
changes in the electrodes – collectively contribute to capacity fade and 
impedance increase over time, effectively decreasing the battery's en
ergy capacity and power [1]. In particular Si-based anodes, attractive 
since they offer significantly increased specific cell capacities, suffer 
from unstable SEIs and a rapid consumption of active Li (LLI effect) in 
the consecutive reformation of the SEI after every cell cycle [2]. In 
addition, Si-based anodes present some challenges regarding calendar 
aging as well. A detailed discussion about the degradation mechanisms 
taking place on Si-based anodes is presented in Ref. [3]. The main results 
indicate that the ongoing SEI evolution suggests long-term electrolyte 
reactivity. This effect may exert a significant influence on cell imped
ance. Moreover, inefficient electrode utilization caused by electrolyte 
consumption is recognized as a primary factor limiting calendar life.

Conversely, the SoC represents the current charge level of the battery 
relative to its present maximum capacity at any point during lifetime; a 
dynamic parameter that changes with battery usage and is often con
nected to and determined by the cell's open circuit voltage (OCV), as a 
part of the electro-chemical cell analysis (EC). Precise SoC determina
tion is crucial for effective energy management and for preventing 
detrimental conditions such as overcharging and deep discharging. 
Cathode and anode both have their individual SoC, depending on their 
SoH. This is usually investigated through half-cell potential analysis, 
since it cannot be distinguished by a full-cell voltage measurement 
alone.

Despite considerable advancements in battery technology and 
management systems, accurately assessing SoH and SoC remains a sig
nificant challenge due to the numerous and localised underlying effects. 
Traditional methods primarily rely on indirect measurements and 
empirical models, which are often fitted to application scenarios. Ap
proaches combining traditional methods with novel characterization 
techniques in laboratory environments, e.g., imaging and elemental 
analysis, revealed potentially interesting aspects in Li-gradient detection 
[4], which can contribute to understanding operational and aging 
behaviour of batteries. This example highlights the shortcomings of 
traditional methods in capturing intricate electrochemical reactions, 
spatial cell inhomogeneities, and structural evolutions within the bat
tery [5] and, at the same time, underscores the need for innovative 
diagnostic tools capable of revealing the underlying effects of battery 
degradation and charge dynamics [6].

In this context, MeV ion beam analysis (IBA) presents a ground- 
breaking approach to investigating the internal mechanisms of Li-ion 
batteries. Typically, Li is the key element for the processes in Li- 
batteries [7] and IBA is one of the few methods enabling its direct and 
spatial quantification. Leveraging the penetrating power of MeV ions, 
this technique enables the non-destructive tomographic probing of 
battery components, offering unprecedented insights into the spatial 
distribution of chemical elements, in particular Li. This enables inves
tigating the loss of lithium inventory (LLI), loss of active material (LAM), 
SEI formation, and the kinetics of lithium intercalation and dein
tercalation processes. By providing a detailed tomographic analysis in 
particular of the Li concentrations and thus representing an alternative 
way for SoH and SoC determination, IBA holds the potential to unravel 
the complex interplay between material properties and battery behav
iour. Finally, the atomistic understanding of the battery status provided 
by IBA on temporal and spatial scales enables developing, testing, and 
validating models to link SoC, SoH, and the battery operating conditions 
by providing data points required for model validation [8], [9].

It is known that in Si-containing anodes, massive volume changes 
can lead to SEI cracking as well as particle cracking, both revealing new 
particle surfaces on which continued SEI re-formation and thus LLI oc
curs. Particle cracking can be mitigated by utilizing nano-sized Si 

particles. However, this increases the surface per volume and thus again 
increases the surface area for SEI re-formation. Furthermore, the SEI in 
Si-anodes contains different components than in graphite anodes, since 
Si represents an additional element with more possible compositions. 
Besides Li2CO3 and LiF, Si anode SEIs contain LixSiOy compounds [10], 
which potentially feature a lower ionic conductivity than the SEI com
ponents of graphite-based cells [11], [12]. Lower SEI conductivity and 
higher SEI thickness combine to a critical decrease of the ionic con
ductivity and inactivation of Li happening significantly faster in Si-based 
anodes compared to graphite-based anodes, reducing their cycle life. 
The Li inactivation additionally accelerates the anode ageing due to an 
increase in anode and a decrease in cathode potential in the order of 
150 mV after ~200 cycles, which adds additional stress to the anode 
[13], [14].

To investigate the impact of Si in anodes and determine underlying 
mechanisms of cycling degradation on the electrode level, a combina
tion of advanced micro-ion-beam analysis with AI-based data analysis is 
employed here for the first time. Using this approach, the quantification 
of Li and other elements relevant for SEI formation on the anode and 
composition of the cathode can be assessed both laterally and as func
tion of depth, indicating if the effects are evenly distributed throughout 
the electrodes. Using the quantification capabilities of IBA, the Li- 
inventory can be accurately determined for various steps in the cell 
history and as function of cycling, allowing insights into the LLI and 
LAM mechanisms, including inactivation of Li, transition metal leach
ing, and anode-cathode cross-talk. Finally, the spatially resolved data 
are used to validate modelling data, e.g. continuum models predicting 
lithiation degrees and over-potentials. This approach provides a 
powerful tool for existing and new battery chemistries, like NCA + Si/G, 
enabling a mechanistic understanding based performance improvement.

2. Methods

2.1. Ion beam analysis

The sample is analysed using the Aachen Ion Beams BeamScience 
end-station [15]. This instrument is supported by a 1.7 MV tandem 
accelerator fed by a multi-cusp negative ion source. The accelerator 
provides 2.98 ± 0.02 MeV protons at 7 nA current in a focussed 50 μm 
diameter spot on the sample. A triple quadrupole magnet with 9 mm 
bore and 100 mm length is used for focussing. It is equipped with a 300 
μm and a 1500 μm Si-PIN detector at 150◦ reaction angle, a KETEK SDD 
with 130 eV full-width-half-maximum (FWHM) and 125 μm Be window 
at 112.5◦, and a HPGe detector at 0◦. The data acquisition is 
synchronised to 5-10 ms differences in spectral acquisition time through 
the data acquisition software. The ion current is measured using a +300 
V bias applied to the insulated sample through a tri-axial wire connected 
to a Keithley 6485 A m with an effective resolution of 10 pA. The 
fixed-beam geometry applied here results in a high freedom of choice for 
the manipulator. The high-resolution (10 nm) manipulator applied here 
allows for scan areas of up to 49 × 49 mm2. The device's control software 
synchronises the data acquisition of all detectors and saves spectra and 
metadata.

For measurement evaluation, the 7Li(p, α)4He reaction and (p,px) 
reactions for 6Li and 7Li with cross-sections from Ref. [16] for Li and 19F 
(p, α0)16O for F are used. All other elements were evaluated by Sigma
Calc (Li, O, C, F, P, Si) or Rutherford cross-sections in the same software. 
SimNRA 7.04 with SRIM2013 stopping data [17] are chosen for spec
trum modeling and fitting. The options fast pile-up, multiple-scattering, 
and no dual-scattering are selected. The evaluation is based on 
elemental depth profiles described by an error function. The fitting is 
executed in two steps. First, a neural network is trained on a manually 
evaluated anode or cathode reference spectrum which is varied auto
matically to extend the parameter range. This neural network provides 
an educated guess for a fine-fitting using a differential evolution algo
rithm [18]. This way less iterations for the fine-fitting are required, 
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while the mathematical rigor of a classical fitting algorithm is preserved. 
Besides Rutherford-Backscattering Spectrometry (RBS) and 
Nuclear-Reaction-Analysis (NRA) also Particle-Induced-X-ray-Emission 
(PIXE) spectra are acquired on a KETEK SDD with ≈130 eV FWHM 
energy resolution. GUPIX3 [19] is used for PIXE spectrum evaluation. 
GUPIX fits the data using the “iterated matrix solution” with up to 5000 
iterations. The processing of 10,000 individual data points each having 
four spectra plus metadata runs on a 64 core workstation PC within 
about 2 days.

2.2. Ion beam analysis of batteries

An earlier study regarding the SoC demonstrated the importance of 
IBA accuracy, since only a small fraction of the total Li is mobile [20]. 
This requires high counting statistics in the IBA spectra and accurate 
data interpretation through fitting of a physics model. Each IBA point is 
integrated to 2 μC = 1.3*1011 Particle*Sr. This results in about 3*106 

total counts per spectrum and about 20,000 counts in the 7Li(p, α)4He 
reaction which is used for Li quantification. The related statistical un
certainty in the presented elemental concentration accounts to 0.7%, 
which has to be added to a 2% statistical uncertainty introduced by the 
data fitting. The data fitting quality is assured by comparing the 2160 
cathode and anode data points. A strong inhomogeneity beyond a factor 
2 in the Li content cannot be expected for single isolated points. No data 
beyond this limit is observed, supporting the assumption of a stable 
fitting procedure. Consequently, the relative uncertainty in the Li con
centration is in the order of 2%. The systematic uncertainty in the 
elemental concentration is 5% contributed mainly by the 7Li(p, α)4He 
cross-section uncertainty [16]. Statistical uncertainties influence the 
homogeneity of the results, while statistical and systematic uncertainties 
apply to the quantification of SoH and SoC.

The IBA sensitive range in the anode and cathode materials depends 
on their porosity and elemental composition and lies in the order of 40 
μm. A clear indication for probing the whole layer thickness is a visible 
signal of the Cu (Anode) or Al (cathode) substrate. This is seen in all 
anode layer data points, but in no cathode layer data point. The cathode 
probing range can be derived from SimNRA through testing of the signal 
variation for different layer thicknesses. A maximum range of 2.4*1024 

atoms/m2 is found, which corresponds to 60% of the cathode layer 
thickness according to the mass loading from the cell manufacturing. 
Therefore, the Li amount found by IBA in the cathode must be multiplied 
with a factor of 1.67 to scale to the full cathode thickness.

2.3. Cell preparation

For the experiments, a single cell containing a Si/Graphite anode 
with 69.7 wt% Si, 19.9 wt% graphite, 8.2 wt% LiPAA, and 0.2 wt% CMC 
is used. The silicon (CLM 00001) was provided by Wacker Chemie AG. 
The graphite is electrochemically inactive by design [21]. The cathode is 
a LiNi0.8Co0.15Al0.05O1.985(BO3)0.01 (NCA) containing 2 wt% PVdF and 
2 wt% carbon black. The NCA was provided by BASF. The Si/NCA cells 
were built at iwb (Institute for Machine Tools and Industrial Manage
ment) at the Technical University of Munich, and wetted with the 
electrolyte 1M LiPF6 FEC/DEC (1:4 by vol.). A total of 29.1 gNCA and 
5.005 gSi were used for cell coating. Only 30% of the anode capacity is 
utilized to avoid excessive volume changes [21]. Therefore, the specific 
capacity of the anode comprises 1200 mAh/gSi. The final cell design 
provides a specific capacity of 185 mAh/g of NCA. The anode foils have 
a coated area of 111.8 mm × 81.80 mm and the cathode foils a slightly 
smaller area of 111.0 mm × 80.00 mm. It consists of a stack of 11 anode 
and 10 cathode layers contained in a pouch bag. One anode layer is on 
the outside of the cell stack with no opposite cathode layer. This anode 
layer will be neglected. The double-coated anode thickness is on average 
150 μm and the cathode thickness 165 μm. This includes a 15 μm thick 
copper (anode) or aluminium (cathode) foil and two coating layers. Each 
layer features a single current tab of about 10 mm width in the centre of 

the 80 mm.

2.4. Cell cycling

After assembly at iwb, the cell underwent cyclic aging with inter
mediate diagnosis tests to determine the SoH by tracking the cell ca
pacity and resistance. Aging cycles were conducted at C/2 CC C/20 CV 
charge and C/2 discharge. Diagnosis tests consist of two cycles at C/10 
CC C/50 CV and 1 h of rest after charge and discharge, each. In total, 376 
cycles between 4.2 V and 2.8 V were applied to the cell. Figs. 2 and 3
show the voltage profile over capacity as well as the evolution of 
remaining capacity and internal resistance. At begin of life, the cell can 
provide a capacity of 185 mAh/gNCA, which translates to a variation of X 
in LixNi0.8Co0.15Al0.05O1.985(BO3)0.01 between 0.14 and 0.8, corre
sponding to 4.45 at.% Li at SoC = 100% and 21.05 at.% Li at 
SoC = 100% [22]. After 376 cycles, the cell was stored for approx. 2 
years at room temperature and 50% SoC. Before disassembly, it was 
discharged to 0% SoC and stored for 1 additional month. Table 1 below 
summarizes the history of the cell.

The disassembly of the cell was performed in an argon-filled glove
box. From the stack of anodes and cathodes, the middle as well as the top 
anode and cathode foils were extracted (four foils in total from a single 
battery). Each foil was then segmented into a matrix of 3 × 3 samples of 
about 36 × 26 mm2, which were then used for the ion beam analysis.

2.5. Study of preparation effects

Effect of sample preparation after extraction of the foils from the 
pouch bag potentially influence the IBA result. Furthermore, the back
ground of the immobile Li concentration related to compounds used in 
cell manufacturing and preparation (Li-salt from electrolyte and Li- 
based binder) is highly relevant for SoH and SoC determination. 
Therefore, anode samples in pristine (no electrolyte applied), wetted 
pristine, formed (after 1st cycle), and washed formed (after 1st cycle and 
Li-salt removed) state are investigated. Table 2 shows the results.

The electrolyte and its conductive salt apparently contribute only a 
negligible amount of Li to the overall content. This background signal of 
Li is related to the initial SEI and possible electrolyte salt residue, which 
are subtracted from the SoH and SoC considerations in the following. 
The pristine anode contains 1.88 at. % Li, which is attributed to the 
LiPAA binder. This fraction of Li is considered inactive. The pristine 
cathode contains 21.94 at.% Li considering all elements, but the nomi
nally expected 25.4 at.% Li when considering only NCA. The formation 
process removes 2.34 ± 0.31 at. % Li from the cathode and adds 
4.88 ± 0.12 at.% to the anode (electrolyte wetted vs. SEI formed not 
washed). Taking into account the different atomic thicknesses (factor 
1.8) and areas (factor 0.97) of anode and cathode we obtain an almost 
match corresponding to the required conservation of the Li atoms.

Washing of the anode reduces its F and P content strongly, but O and 
Li remain mostly constant and on the level of the wetted case. Among the 

Table 1 
History of the cell since begin of life until disassembly for IBA. Aging cycles 
consist of 1C CC C/20 CV charge-discharge cycling. Diagnosis cycles are con
ducted at C/10 instead of 1C. Storage took place at room temperature.

REPETITIONS LOAD PROFILE ACCUMULATED 
CYCLES

1 Formation & Stabilization procedure 10
1 (10x aging cycles + 2x diagn. cycles) 22
2 (20x aging cycles + 2x diagn. cycles) 66
5 (40x aging cycles + 2x diagn. cycles) 276
4 (20x aging cycles + 2x diagn. cycles) 364
1 (10x aging cycles + 2x diagn. cycles) 376
1 1 year storage at 50% SoC 376
1 Discharge to 0% SoC, 1 month storage, 

disassembly & sample preparation for IBA
376
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several typically assumed SEI contributions C4H4Li2O6 [23], Li2CO3, LiF, 
LiPxOy, and LixSiOy [10] this indicates a negligible contribution of LiF in 
this case.

2.6. SoC and SoH determination

The SoC = 100% is defined as the electrochemical state corre
sponding to a cell voltage of 4.2 V. In order to increase the cycle life, this 
does not correspond to a full de-lithiation of the cathode or a full lith
iation of the anode. The cycle life drops significantly when exceeding the 
nominal lithiation degrees. Table 3 discusses a few exemplary cases 
based on literature values for the Li concentration to highlight the 
sensitivity of IBA for different cell states.

The local electrode SoC can be derived from the Li atomic concen
tration through a linear scaling between maximum and minimum Li 
percentage in the active materials. For this exemplary calculation it is 
assumed that for NCA at SoH = 100%, X in LiXNi0.8Co0.15Al0.05O2 is 
between 0.80 and 0.14 for SoC = 0% and 100%, respectively. For X = 1 a 
maximum value of 25 at.% Li in the as-prepared state of NCA is reached 
(Li has 1 of 4 stoichiometric points). For Si at SoH = 100%, limits for X in 
LiXSi4/15 between 0.04 and 0.30 for SoC = 0% and 100% are assumed. 
For X = 1 a theoretical maximum value of 78.95 at.% Li in the Si 
(neglecting binder, graphite …) can be reached.

This Li relates to the NCA in the cathode and to the Si in the anode. 
Other components such as binders, electrolyte, impurities, and so on 
have to be separated mathematically. If the SoH of an electrode reduces, 
its minimum Li concentration increases due to the added immobile Li, 
while the maximum remains constant due to the conservation of the 
total Li amount. If only one electrode dominates the aging, as depicted in 
this work, the maximum of the other electrode's Li concentration is 
reduced since the required Li cannot be extracted from the first electrode 

(conservation of total Li). For the investigated cell type, the anode aging 
dominates. The table assumes that the aging does not influence the 
electrode half-cell potentials, which is probably not true as the voltage 
shifts in Fig. 2 and the non-linear capacity fading in Fig. 1 indicate. The 
last row “Discharged, anode aged” depicts the case assumed to represent 
the investigated sample (see Fig. 1). With decreasing SoH in the case of 
anode aging, both Li concentrations in the discharged state SoC = 0% 
approach each other. In contrast, in the cathode aged case, the Li con
centrations at SoC = 100% approach each other. This enables separating 
these two aging mechanisms through IBA. If a single electrode domi
nates the aging analysing one SoC is sufficient, while in a mixed aging 
both SoC = 0 and SoC = 100% have to be compared.

3. Results and discussion

3.1. Investigated battery cell

The investigated 5.38 Ah battery consists of 20 cathode-anode layer 
pairs with NCA (LiNi0.8Co0.15Al0.05O1.985(BO3)0.01) cathode, Si/ 
Graphite anode, and a liquid electrolyte. The details of cell 
manufacturing, composition, and cycling can be found in the methods 
section. During its lifetime, the stack is sealed in a pouch bag, see Fig. 1.

The cell is cycled 340 times from 2.8 to 4.2 V at 25 ◦C, then stored at 
SoC = 50% at 25 ◦C for ~12 months, before finally being discharged and 
disassembled at 2.8 V (SoC = 0) to be analysed via IBA. Fig. 2 shows two 
exemplary charge/discharge curves during battery life to indicate its 
strong deterioration with decreasing SoH.

Fig. 3 depicts the continuous reduction of the SoH measured by its Ah 
capacity. 30.7% = 1.65 Ah of the initial capacity is lost after 340 cycles 
compared to the discharge capacity of the first cycle. The charging cycles 
show a decrease of 1.74 Ah in capacity compared to the first charging 
cycle after formation. At the same time, the internal resistance measured 
via direct current (DC) pulses increased by a factor of 2.3. These changes 
are non-linear and the loss of SoH accelerates with cycle count.

A preparatory study investigated the composition in a pristine cell. 
Four preparation stages are investigated to reveal the amounts of passive 
Li originating from the cell preparation and enable separation from the 
aging related changes. Further details are given in the method section, 
see Table 2.

3.2. Tomographic analysis

In the preparatory study discussed in the methods section (SoH =
100%), we find at SoC = 0 a 10.16 at.% Li concentration in the anode 

Table 2 
Li concentrations in the investigated battery type before operation and after 
certain preparation steps. Electrolyte wetting clearly increases the Li concen
tration. The SEI formation moves Li from the cathode to the anode. Washing out 
the electrolyte + LiPF6 removes 0.69 at.% Li. Values are determined from 20 IBA 
points per sample filtered using a fitting quality parameter resulting in un
certainties of 2%. The atomic percentage relates to all elements including 
binder, electrolyte, and carbon.

Step Li atom % in anode Li atom % in cathode

Pristine 1.88 21.94
Electrolyte wetted pristine 5.97 22.74
SEI formed, dried, not washed 10.85 20.40
SEI formed, dried, washed 10.16 19.71

Table 3 
Examples of battery cell states investigated by IBA. We assume a liquid elec
trolyte NCA cathode and a 1:1 atomic fraction Si/Graphite anode. Si is assumed 
to bind up to 1 Li atom per Si atom and graphite 1 Li per 6 carbon atoms. 
Contributions by electrolytes and other cell components are not considered. 
Typically, conductive salts contribute a few % of the total material and represent 
a certain inactive amount of Li even in a fresh cell. The cell is assumed to feature 
identical capacities for anode and cathode.

Status cell Status ageing SoC 
[%]

SoH 
[%]

Anode Li 
[at.%]

Cathode Li 
[at.%]

Charged fresh 100 100 52.94 4.46
Discharged fresh 0 100 3.61 21.05

Charged only cathode 
aged

100 70 38.14 9.44

Discharged only cathode 
aged

0 70 3.61 21.05

Charged only anode 
aged

100 70 52.94 4.46

Discharged only anode 
aged

0 70 18.41 16.07

Fig. 1. Overlay of linear interpolation map of Li/Si ratio and pouched cell 
photo. The black dots represent individual analysis points. The cell terminals 
are visible on the left and right side. The electrolyte is injected from the top- 
left edge.
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related to binder + SEI + @2.8 V intercalated Li. Literature modelling 
results show χ0,Si = 4.0% [22], which equals 6.55 at.% mobile Li 
(calculated from the maximum Li atom loading of 3.75 Li/Si). The 
binder adds 1.88 at% Li and the electrolyte introduction adds another 
5.97-1.88 = 4.09 at.% Li to the total Li-inventory of the anode. The 
formation transfers another 10.85-5.97 = 4.88 at. % Li from the cathode 
to the anode. Therefore, our experimental χ0,Si ≤ 3%. We can only state 
an upper limit of χ0,Si since this Li consists of intercalated plus SEI-bound 
Li.

Using IBA, we measure a total of 19.71 ± 0.5 at.% Li in the cathode, 

corresponding to 22.7 ± 0.5 at. % Li in the NCA active material. This 
corresponds to a χ0,NCA = 0.88 ± 0.02, which is close to the probably 
underestimated theoretical χ0,NCA = 0.80 from Ref. [22]. The observed 
slight deviations between previous modelling results and the IBA results 
can thus be used for a refinement of the used models.

For the analysis of the cycled cell, two anode (A) and two cathode (K) 
foils are removed and dried. Two foils are extracted from the middle 
(KM and AM) and the top (KT and AT) of the cell stack. The IBA imaging 
shows lateral variations of the layer composition and the cathode 
thickness on these foils in the % range, see Fig. 4. The figure shows an 
average Ni concentration of 49 ± 3 wt% in agreement with the nominal 
value of 47 wt%. The first mm on the outer edge of the cathode layers 
shows somewhat lower Li concentrations, probably due to the anode 
layers being 1 mm larger in all dimensions than the cathode layers. A 
temperature sensor is placed in the cell centre during the cycling ex
periments. This additional pressure introduces a slight additional in
homogeneity in the order of 2%.

IBA provides atomic concentrations and amounts of atoms per area. 
Aligning this information with the common battery parameters of 
charges, voltages, and stoichiometries requires a different approach of 
thinking. Charge transfer is connected to the decrease and increase of 
the Li concentration in both electrodes since every elemental charge 
corresponds to a single Li ion exchanged between anode and cathode. 
Since not all Li ions are electrochemically active, not every Li atom 
detected by IBA represents a transferable charge. Voltages and currents 
(e.g. the open-circuit-voltage OCV or the SoC) are related only to the 
active fraction of the measured Li concentration, therefore small 
changes in the Li concentration can induce strong changes in the volt
ages. The difference between moved charges (=active Li) and IBA 
detected Li atoms (active + inactive Li) yields information on SoC and 
SoH.

In stoichiometries, typically X denotes the amount of an element 
changing in a process, while in a concentration, which is provided by 
IBA, the reduction of one element will increase the concentrations of the 
remainder of the elements. The cell is analysed on 2160 points, each 
containing a full set of elemental spectra as a function of depth, enabling 

Fig. 2. Charge-discharge curves of the second and the last cycles. Cycle 1 represents the formation, cycle 2 the first representative cycle, and the last discharge 
already shows a significantly reduced capacity. Operating temperature 25 ◦C, dis-/charge rate 0.1C = 0.3 mA/cm2.

Fig. 3. Cell SoH and DC resistance (RDC) at 0% SoC vs. number of cycles. The 
initial capacity of 5.38 Ah reduces by 1.65 Ah (30.7%) to 3.73 Ah after 340 
cycles. Typically, 70% SoH is considered the end-of-life due to the accelerated 
capacity decrease thereafter. The inner DC resistance increases from 22 mΩ to 
51 mΩ (factor 2.3). The resistance increase is similar for SoC = 25%, 50%, and 
75%. Both slopes match with R2 ≥ 0.9995 to quadratic polynomials.
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the quantitative determination of the elemental composition in 3D. 
However, analysing such a large amount of data consistently is only 
possible using AI-based algorithms, developed previously by some of the 
authors [18], [24]. Using these advanced analysis capabilities enables 
the compilation of 3D elemental maps of the electrodes by fitting depth 
profiles for each of the 2160 data points with 20 intervals each for the 
7-8 elements of interest for the cathode and anode (out of Li, C, O, F, P, 
Al, Si, Co, Ni), resulting in ~345,000 concentration data points 

determined in this study. In order to reduce the data complexity, the 
important elements and their concentrations or ratios will be presented 
in this section. The complete dataset is available in the repository [25].

The measured 3D concentration map for Li for a single electrode 
sheet (AM) is shown in Fig. 5. This depth analysis reveals largely 
different elemental concentrations in the outer surface compared to the 
nominal and bulk values. This surface layer is typical for battery mate
rials shortly exposed to air or stored over long durations, since Li2CO3 

Fig. 4. Plot of the depth-averaged Ni areal-concentration in weight% of the KM sample. The figure shows ±6% inhomogeneities in the lateral distribution of the 
cathode coating thickness represented by the Ni content. The current tap is on the centre of the left edge. In the centre a temperature sensor was mounted, inducing 
additional pressure onto the material. Removed outliers are shown as holes/white.

Fig. 5. Tomography image of the Li concentration in sample AM with 11,000 points. On average, an atomic concentration of 17.8 atom % Li is found. A surface effect 
due to the short contact with air is visible with constant bulk concentrations below this. The point density reduces towards the depth due to the reducing depth 
resolution in deeper parts.
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and LiOH form on the surface together with ambient air, which typically 
lowers the Si- and raises the Li concentration. The effect cannot be 
attributed to thick solid-electrolyte interface layers (SEI), since this 
would alter the concentrations in the layer volume homogeneously, 
considering the IBA spatial resolution and range are >10x larger than 
the grain size in this case. Therefore, this layer is neglected for our 
considerations.

3.3. State-of-charge/mobile Li inventory

The cell is analysed after 340 cycles and in the SoC = 0 state where 
effectively no mobile Li should be left in the anode. From the last 
discharge cycle the capacity is known to be 3.71 Ah, representing the 
amount of mobile Li in the cell, which should be completely in the 
cathode. The total amount of Li is measured for each electrode indi
vidually by IBA. The total amount of Li detected by IBA in all cathodes 
and anodes by extrapolating to the area of 111 × 80 mm2 and the design 
with 20 cathode and 20 effective anode layers (1 dead anode layer due to 
production) yields a global sum of 3.6*1022 Li atoms in the cathode and 
8.04*1022 Li atoms in the anode. This translates to 16.0 at.% Li in the 
cathode, compared to the pristine state a loss of more than 4% points 
compared to the nominal Li concentration of 20.4%. In contrast, the 
anode showed a total Li concentration of 17.4 at. % Li, a gain of 7.2 % 
points during cycling compared to the initial formation. The cathode 
lithiation degree corresponds to a half-cell SoC = 20%, in contrast to the 
full-cell SoC = 0%. With 6.25*1018 ions/Coulomb and 3600 C per Ah we 
obtain a remaining cathode capacity until SoC = 100% (=4.45 at.% Li) 
of 3.42 ± 0.2 Ah, which compares well to the remaining capacity of 3.7 
Ah. The total detected cathode Li equals 5.38 Ah. Compared to the initial 
discharging capacity of 5.38 Ah this equals a capacity loss of 1.92 ± 0.2 
Ah derived from IBA. The anode analysis shows a content of 8.04 ±
0.4*1022 Li atoms equal to 3.57 Ah of immobile Li. In comparison to the 
as-prepared amount of Li in the anode of 2.17 Ah seen in the preparation 
study we see an immobilization of 1.4 ± 0.4 Ah in the anode. The results 
compare well to the initial 5.38 Ah, the remaining 3.71 Ah capacity, and 
the 1.65 Ah of capacity fading from EC considering the uncertainties of 
charging and discharging capacity measured by EC and the possible 
discrepancies between the cell used for the preparation study and the 
cell used for the capacity fading analysis.

3.4. State-of-health determination via ion-beam analysis

Similar to the SoC, the SoH is typically determined by EC through the 
loss of capacity and an increase in resistivity in comparison to the fresh 
state of the cell. After the applied 340 cycles, the cell has a global SoH of 
69% regarding the capacity, while the internal resistance increased by a 
factor of 2.3. IBA can only assess the SoH in terms of loss of capacity. The 
SoH is determined from the decrease in mobile Li bound in the anode. At 
SoC = 0 the amount of Li determined in the pristine state, see the 
methods section, has to be subtracted. We see a binding of 3.57 ± 0.2 Ah 
of Li in the anode foils compared to 2.17 ± 0.2 Ah in the pristine state (of 
a different cell of the same type). Therefore, 1.4 ± 0.3 Ah of capacity is 
additionally immobilized in the anode, which agrees with the electro- 
chemical measurement of 1.65 Ah.

We have numerous possible compounds (Li4SiO4, Li2SiO3, LiPO3, 
Li3PO4, Li4P2O7, Li2CO3, LiF …) which could contribute to the SEI. Sil
icate formation is a potential candidate for the faster SEI formation and 
capacity fading of Si-based anodes [23], making it interesting to quan
tify its amount. IBA can only access the elemental composition, not the 
chemical situation, but by forming an equation system of the elements 
and possible compounds, the chemical situation can be derived. LiF can 
be quantified from the elemental composition, assuming that all LiPF6 
salt is removed by the washing step prior to the IBA analysis, the 
remaining F is present as LiF. A similar assumption is possible for the 
three lithium phosphates, but the range of 1-3 Li per P atom does not 
allow separating phosphate mixtures. The lithium silicates are 

compounds which are present in parallel to the still active part of the Si. 
Since we know at SoC = 0 there is no active Li, all present Li has to be 
attributed to SEI compounds.

Table 4 and.
Table 5 show the measured anode and cathode compositions. While 

the cathode foil compositions are almost identical, the two anode sheets 
have a significant difference, especially in their F content, which cannot 
be explained at this point. P should not be present in the anode since the 
electrolyte is removed before analysis. Therefore, the detected P is 
considered to be bound in phosphates with up to 3 Li per P (Li/P ranging 
from 2 to 3) equal up to 5.4% points of Li bound in phosphates. LiF binds 
1 Li per F. Li can be present as Li metal, but this is electrochemically 
unfavourable and therefore neglected. The O could be bound in silicates, 
phosphates and SiOx or LiCxOy, making it an ambiguous indicator for 
silicate formation. From these values we can derive the Li potentially 
bound in silicates and the amount of silicates, which represent an 
additional path for Li immobilization specific to Si anodes. In the AT foil 
the silicate value remains compatible with zero, while in the AM foil 
silicates are required but their contribution to the capacity fading re
mains below 1/3. In conclusion, silicate formation cannot explain the 
accelerated capacity fading of Si-anodes.

The observed differences in anode composition can introduce an 
additional uncertainty in our IBA-based analysis, since it remains un
clear if the average of the four analysed foils holds true for the average of 
all foils in the cell. The close match of the Li values indicates that the 
additional uncertainty remains small.

Comparing our SEI composition results to the literature shows a 
general agreement with our LiF dominated SEI observation. Since IBA is 
a new approach in this field with a unique strength for light element 
quantification but a limited separation of SEI and the anode bulk, its 
results naturally differ from established analysis approaches with 
different analytical properties. Several studies analysed the SEI 
composition in Si-anodes using electron microscopy, x-ray photoelec
tron spectroscopy, and others. The impact of the electrolyte on the SEI 
composition is significant, since the F content can differ by one order of 
magnitude already between LiPF6-FEC and LiPF6-EC [26]. An F content 
of 32.8% and an LiF dominated SEI with a small LixSiOy contribution 
was found in Ref. [26]. A similar result with a LiF dominated SEI with 
contributions of polyene is found in Refs. [27], [28].

4. Conclusions

The electrodes of a close-to-industrial 5.38 Ah Li-ion battery using 
NCA + Si/G chemistry is analysed post-mortem using IBA. Using micro- 
ion-beam measurements and AI-based analysis, extremely large datasets 
are compiled providing 3D tomography information on the elemental 
composition. This is used as an independent measure of the state-of- 
health and state-of-charge of the cell, verifying the 0D data from elec
trochemical analysis (EC) and literature data. The combined EC + IBA 
analysis provides a deeper insight into the aging mechanisms respon
sible for the capacity fading of the used Si-anodes.

Minor lateral inhomogeneities in the coating thicknesses are 
observed in some cases. The individual electrode foils differ by up to 6% 
in their Li content, in particular in the anode. This inhomogeneity is 
most likely connected to inhomogeneous SoH between different anode 
foils, since ageing and thus loss of SoH mainly occurs on the anode-side 
for the investigated cell. Along the depth axis of the individual electrode 
foils no inhomogeneities are detected, except for an analysis preparation 
related effect. These results correlate well with the results of [29], where 
long voltage hold measurements were performed on the same Si-based 
pouch cells. The authors found long-lasting transient phases on the 
leakage current results. The main causes discussed are relaxation effects 
due to Si-hysteresis and SoC inhomogeneities over the surface of the 
electrodes, which do not allow the leakage current to reach a stable 
value.

We see SEI formation and the corresponding Li entrapment are 
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responsible for both capacity fading and internal resistance increase. 
The immobilized Li is clearly found in the anode, the cathode did not 
undergo significant deterioration, as expected for NCA. The shift in 
mobile Li changes the lithiation limits of the anode and cathode which 
cannot reach the experimental pristine SoC = 0 lithiation state of χ0, 

NCA = 0.88, but only χ0,NCA= 0.67. This leads to a shift in the cathode 
potential of +130 mV and in the anode of − 130 mV [13]. The resulting 
potential shift is in agreement with the literature [11]. Correspondingly, 
the shifts in the half-cell potential during cycling lie outside the range 
considered safe for reversible operation leading to an accelerated 
degradation of the cell with ongoing cycling. This fits to the observed 
non-linear capacity fading in the EC analysis shown in Fig. 3.

The results show a strong decay of the SoH related to the ~17 at.% of 
Li found in the anode. The observations of silicate formation contrib
uting less than 32% of the SEI indicates only minor relevance of Li bound 
in silicates for the accelerated capacity fading of Si-anodes. This enables 
attributing the observed capacity fading of 31% to an immobilization of 
Li in the anode. The immobilization is shown to happen through SEI 
formation. Increased F and P concentrations found in the washed cell 
foils, originating from LiPF6, support this assumption resulting in mainly 
LiF and lithium phosphate with only little LixSiOy forming the SEI. The 
results suggest that the presence of Si increases the LiF formation rate 
possibly by exposing fresh surface due to the large volume change of Si 
upon cycling and subsequent SEI cracking or Si/silicates could act as a 
chemical accelerator/catalyser for the LiF, e.g. through HF scavenging 
in combination with the FEC in the electrolyte [30], [31] or through 
water impurities in the cell [3].

The data suggest that the lithium loss mechanism related to the SEI 
formation is mostly similar to graphite anodes but the formation process 
is accelerated, since lithium silicates are at best a minor SEI component. 
Therefore, the ansatz for suppressing the fast capacity fading of Si an
odes requires electrolyte (salt and solvent) optimization similar to 
graphite anodes. The increased cell impedance can be indirectly derived 
from this SEI formation, since the SEI contains low Li conductivity 
components. A quantitative comparison with the factor 2.3 increase in 
the internal resistance is not possible at this stage.

For cell improvement, the following conclusions can be drawn from 
the presented results for the investigated cell type. The capacity fading 
can be delayed by increasing the amount of available Li, e.g., by a 
thicker cathode coating or a pre-lithiation of the anode. This would 
delay the electrode potential shifts with decreasing SoH, delaying the 
connected non-linear capacity fading. With decreasing SoH the cell ca
pacity becomes limited by the mobile Li in the cathode. A 2.4 Ah = 480 
mAh/gSi ≈ 0.66 g Li pre-lithiation (derived from the Li bound in the 

anode during formation and the 340 cycles) of the anode would have 
completely suppressed the potential shift and the SEI formation related 
capacity fading effect in the aged battery. In Ref. [32] the maximum of 
the discharge capacity increase by pre-lithiation was found to be located 
between 360 and 1200 mAh/gSi, in agreement with our result of 480 
mAh/gSi. Additionally this would increase the χ0,NCA from 0.77 to 0.88 
in the SoH = 100% state, increasing the initial capacity by 14% (8% in 
Ref. [32]). Literature demonstrated the positive effect of the 
pre-lithiation, but could not explain the discovered optimal value of 
about 600 mAh/g [32]. Additives could suppress the cell impedance 
increase by making the SEI more conductive. The SEI growth probably 
relates to the SEI cracking due to the large volume change of Si-anodes 
upon cycling, but silicates potentially also act as a chemical accelerator 
for the LiF formation, therefore influencing the LiF formation cycle 
through additives or less available F could potentially reduce the SEI 
formation rate with cycling. Going away from fluorinated components 
such as LiPF6 could close the LiF formation route, further reducing the 
LiF dominated SEI formation.
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